The protective effect of stable nitroxide radicals against oxidative damage was studied using cardiomyocyte cultures obtained from newborn rats. Monolayered cardiomyocytes were exposed to H202 and the effect on spontaneous beating and leakage of LDH was determined. Hydrogen peroxide irreversibly blocked rhythmic beating and resulted in a significant membrane injury as shown by release of LDH. The injury was prevented by catalase which removes H202 and by cell-permeable, metal-chelating agents such as desferrioxamine or bipyridine. In contrast, reagents which are excluded from the cell such as superoxide dismutase or DTPA did not protect the cells against H202. Five-and six-membered ring, stable nitroxide radicals which have previously been shown to chemically act as low-molecular weight, membrane-permeable, SOD-mimetic compounds provided full protection. The nitroxides prevented leakage ofLDH and preserved normal cardiomyocyte contractility, presumably by intercepting intracellular O radicals. Alternatively, protection may result through nitroxides reacting with reduced transition metal ions or by detoxifying secondary organic radicals. (J.
Introduction
Oxidative damage and postischemic reperfusion injury, in particular, have been recently the focus ofintensive research ( 1-3). The extension ofprimary ischemic injury results from reperfusion and is caused largely by oxygen-derived reactive species both from intra-and extracellular sources. A variety of pathological conditions have been linked to the formation of superoxide and secondary free radical and nonradical reactive products (1) (2) (3) . Efforts were made, therefore, to attenuate the reperfusion component of ischemia/reperfusion myocardiac damage at several levels: (a) decreasing°formation, using specific xanthine oxidase inhibitors such as allopurinol or oxypurinol (4-7); (b) detoxifying O by employing superoxide dismutase or agents possessing SOD-mimicking activity (6) (7) (8) (9) ; (c) removing, by chelating agents, redox-active metals that fuel toxic cycles (9, 10); (d) decreasing the level of H202 with catalase or GSH-peroxidase (6, 9, 1 1); (e) scavenging free radicals, using various antioxidants, and thereby terminating radical chain reactions (6) .
Very recently five-and six-membered stable nitroxides which are commonly used as probes in biophysical studies (12, 13) and as nuclear magnetic resonance imaging contrast agents (14) were found to undergo facile redox reactions and to catalyze effectively O dismutation ( 15, 16) . Moreover, nitroxides were shown to oxidize coordinated transition metals that are known to mediate and potentiate free radical-induced damage ( 17) . Subsequent studies demonstrated that nitroxides inhibit lipid peroxidation (18) and protect against H202-induced cytotoxicity to Chinese hamster cells, and suggested that nitroxide protection results from oxidizing reduced transition metals (17, 19) . In the present work, myocardial cells isolated from newborn rats were exposed to H202 to provide a cellular model system to examine ifthere may be a role for stable nitroxides in preventing ischemia/reperfusion injury. The loss of cell contractility and the release of lactate dehydrogenase served as markers of H202-induced oxidative damage. The results suggest that the myocardial damage is catalyzed by intracellular redox-active metals and that nitroxides can effectively provide protection against such injury.
Methods
Materials. Desferrioxamine (desferral, DFO)' was a gift from CibaGeigy Corp., Ardsley, NY, superoxide dismutase, bipyridine, neocuproine, and diethylenetriamine-pentaacetate (DTPA) were obtained from Sigma Chemical Co., St. Louis, MO; 2-spirocyclohexane-5,5-dimethyl-3-oxazolidinoxyl (compound II), 2,2,6,6-tetramethyl-piperidinoxyl (Tempo), 4-hydroxy-2,2,6,6-tetramethyl-piperidinoxyl (Tempol), and 4-amino-2,2,6,6-tetramethyl-piperidinoxyl (Tempamine) were purchased from Aldrich Chemical Co., Milwaukee, WI, and H202 from E. Merck, Darmstadt, FRG. All other chemicals were prepared and used without further purification.
Nitroxide synthesis. 2-Ethyl-2,5,5-trimethyl-3-oxazolidinoxyl was synthesized as previously described (20) . Briefly, to produce the amine, 2-butanol was reacted with 2-amino-2-methyl-l-propanol in benzene using p-toluene sulfonic acid catalysis. The formation of the cyclic structure resulted in the elimination of water. The volume of water collected in a Dean-Stark apparatus was monitored and used to gauge the reaction progress. The amine thus produced was purified through fractional distillation under reduced pressure, characterized by means of NMR, IR, UV, mass spectroscopy, oxidized to the corresponding 1. Abbreviations used in this paper: compound I, 2-ethyl-2,5,5-trimethyl-3-oxazolidinoxyl; compound II, 2-spirocyclohexane doxyl (2-cyclohexane-5,5-dimethyl-3-oxazolidinoxyl); DFO, desferrioxamine; DTPA, diethylene-triamine-pentaacetate; EPR, electron paramagnetic resonance; LDH, lactate dehydrogenase; PCA, 3-carboxy-2,2,5,5-tetramethylproxyl; tempamine, 4-amino-2,2,6,6-tetramethyl-piperidinoxyl; tempo, 2,2,6,6-tetramethyl-piperidinoxyl; tempol, 4-hydroxy-2,2,6,6-tetramethyl-piperidinoxyl; SOD, superoxide dismutase. nitroxide using m-chloroperbenzoic acid, and purified by silica flash chromatography.
Electron paramagnetic resonance. EPR spectra were recorded using a E4 X-band spectrometer (Varian Associates, Inc., Palo Alto, CA), with field set at 3,357 G, modulation frequency of 100 kHz, modulation amplitude of 1 G, and nonsaturating microwave power as described previously (17) .
Culture Cultures from 1-d-old rats (Hebrew University strain) were obtained by a slight modification of previously published methods (21) . The newborn rats were killed by decapitation. Hearts were removed aseptically, retaining the ventricles only. The excised hearts were placed in a Petri dish containing solution H. The organs were minced into very small fragments and washed twice during mincing. Solution H was then replaced by trypsin solution and transferred to a 25-ml flask. The volume of trypsin solution was 10-15 ml for 30-50 hearts.
Trypsinization was performed at 320C with a stirring rate of 150-200 rpm for 15-20 min. At the end of each trypsinization, fragments were allowed to settle, the supernatant removed, and another portion of trypsin was added. Supernatants from the first two to three trypsinizations, which contained mostly cell debris, red blood cells, and pericardial endothelial cells, were discarded. Cells from subsequent trypsinizations were collected in 30-ml sterile tubes. A few milliliters of growth medium were added to stop the trypsin digestion, and cells were centrifuged at 1,000 rpm. The pellet was resuspended in a small volume of growth medium. Each trypsinization cycle was repeated until all fragments were dissociated.
Cell cultures. Cells from each tube were resuspended by repeated aspiration into a sterile pipette, and all fractions were combined into a sterile 250-ml flask (Nunc; Nunclon Delta, Herlev, Denmark) after filtering through a sterile mesh to exclude explants. 20-25 neonatal rat hearts yielded 50-60 million cells with a viability of 90±5% as measured by Trypan blue exclusion. The pooled cells were diluted in growth medium to a density of 106 cells/ml and seeded into 35-mmdiameter Petri dish (Falcon 3001; Falcon Labware, Oxnard, CA). After seeding, Petri dishes were gently shaken horizontally to obtain a uniform distribution of cells. This concentration yielded after 24- Contractility. The rhythmic pulsation of the cultures was followed using an Olympus inverted phase microscope before and after each treatment. The culture dishes were removed from the incubator, equilibrated for 5-10 min in a water-jacketed thermostatic cell (37°C), and the contraction was determined. Generally the H202-induced damage Lactate dehydrogenase (LDH) release. With each medium change, the old medium was collected and assayed for LDH activity (22) . In short, a 0. I-ml sample was added to 0.9 ml ofa solution containing 50 mM phosphate buffer, pH 7.5,0.6 mM pyruvate, and 0.18 mM NADH (final concentrations). The decrease in A3w was followed for 3 min at 30'C, using a dual-beam Uvikon 860 spectrophotometer (Kontron, Switzerland), and the enzyme activity was calculated. To determine the total cellular LDH, the cells were disrupted by sonication or blending and medium was assayed for LDH activity.
Results
Oxidative damage. Injury was induced by incubating the cultured beating cardiac myocytes on the fifth day after plating with various concentrations of H202, the beating rate was followed microscopically and the medium was assayed for LDH activity. The rate of cell beating rapidly subsided and, within a few minutes, beating irreversibly ceased. Fig. 1 Effect of chelators. To determine whether the damage induced by H202 is catalyzed by transition metals, the cells were incubated with DFO at concentrations previously shown to bind cellular iron (21) . DFO (0.1 mM) protected the cells, however, its protective effect was not fully manifested unless long enough preincubation time has allowed for DFO to cross into the intracellular space (Fig. 2) . Similar protection was observed when the cultures were incubated with 0.1 mM bipyridine 30 min before adding H202 (data not shown). In contrast, no pro- tection was afforded by DTPA which does not enter the cell nor by 200,uM zinc, a redox-inactive metal that reportedly protects beating isolated hearts (23) (data not shown).
LDH release. The cessation of contractile activity is associated with alteration ofmembrane integrity and the leakage of cytoplasmic enzymes. To study lactate dehydrogenase (LDH) leakage, H202 was added to the cell culture and the medium was sampled for LDH assay. The enzymatic activity in the medium was compared with that assayed after total cell disruption and the level of extracellular activity was calculated as a fraction of the total activity. The effect of H202 on LDH leakage and the protective effect of DFO are displayed in Fig. 2 B. Nitroxides effect. Unlike exogenously added SOD, which did not protect the cells against H202, low-molecular weight stable nitroxide radicals which can function to dismutate superoxide had a profound effect. Both five-membered (oxazolidine and pyrolidine derivatives) and six-membered (piperidine derivatives) stable nitroxides (Scheme I) were tested for their biological activity. Fig. 1 demonstrates the protective effect of 0.5 mM Tempo and 0.5 mM compound II against H202. Similar protection was provided by 0.5 mM compound I, Tempol, Tempamine, and PCA (data not shown). The protective effect could have been ascribed to some reaction ofthe nitroxide with H202. The EPR spectrum ofthe nitroxide was, therefore, examined before and right after incubation with the plated cells to determine if the level of nitroxide varied during the experiment: no difference was found between the respective spectra. No decrease in nitroxide signal was observed also when 10 1AM
Tempol with 500 ,M H202 were incubated with the cells. To examine whether nitroxides facilitated H202 removal, aliquots of the medium were taken throughout the experiment and assayed for H202 concentration. Nitroxides did not change the extracellular H202 concentration (data not shown), thus ruling out the possibility that they have a catalaselike activity. The nitroxide protective effect was dose-dependent and the minimal concentration of nitroxide required for protection increased with increasing H202 concentration (Fig. 3, Table I ). Fig. 3 demonstrates the protective effect of several nitroxides on H202-induced cellular release of LDH.
Discussion
The present results indicate that hydrogen peroxide or biologic products resulting from hydrogen peroxide impairs cell function and integrity, in agreement with previous reports that [H202J> 30 MM is toxic to isolated rat heart (24) . Contrary to catalase which removes H202, none of the nitroxides affect H202 concentration. Yet, they all protect against H202 toxicity (Figs. 1 and 3, Table I ). This shows that a reaction metabolite derived from H202 and not H202 itself is responsible for myocardial cell dysfunction. Further, unlike DTPA which does not enter the cell, both DFO and bipyridine, enter cells, bind intracellular metal ions (especially iron), and protect against H202. This indicates that H202-induced biological damage is mediated by cellular transition metals. Potentiation of H202-induced cytotoxicity would be anticipated if redox-active metals coordinated at critical cellular sites were to catalyze OH formation. Injury inflicted in the immediate vicinity of critical targets by deleterious species would be accounted forby a mechanism in which metal binding is a prerequisite for site-specific damage. The bound metal (coordinated to biologic ligands [L]) is reducible by°2 or other reductants:
The reduced metal may react with H202 to form a peroxo complex (25):
and/or be oxidized to higher oxidation states of the metal (25) LM(n-l)+ -H202 L-M(n+l)+ + 20H-. (4) According to this mechanism, the damage caused by OH radicals or hypervalent metals is site-specific; therefore, scavengers of OH radicals would not be expected to provide protection. Conversely, all reagents that can remove H202 (i.e., catalase), dismutate O°(i.e., SOD), bind to or displace metal ions (i.e., DFO), or successfully compete for OH radicals can reduce the biological injury. Considering the SOD-like activity of nitroxides (15, 16) and the intracellular site ofthe critical damage, the nitroxide-protective effect may be attributed to the removal of intracellular°2 radicals. Yet, it is not necessarily proven that the nitroxides protect solely by virtue oftheir SOD-mimic activity, because they may also act through alternative mechanisms. Other test systems in which oxygen is not present, such as Chinese hamster cells treated with H202 in the absence of oxygen, were protected by Tempol and compound 11(17, 19) . It is possible, therefore, that nitroxides contribute to cell protection through O '-independent mechanisms. Compound II and Tempo were found to oxidize chelated iron(II), and it has been proposed that they compete with H202 for the reduced metal ions (17): nitroxide + H++ L-M(n-)1+ -hydroxylamine + L-M"+, (5) with a consequent inhibition of reaction 2. Fig. 3 and Table I demonstrate that higher nitroxide concentrations are needed to protect against higher [H202J. This result would support the assumption that both H202 and the nitroxide compete (reactions 2 and 5) for the same species, presumably the reduced metal (17) . Previous studies indicated that nitroxides protect DNA against oxidative damage. In the present study, nitroxides protected the cardiomyocytes predominantly from H202-induced damage to the membrane ( Fig. 2 B and Fig. 3 ). Moreover, the nitroxide concentration required for protection was one to two orders ofmagnitude lower (Fig. 3 
